Human sperm samples were prepared on a 30% Percoll gradient and reactive oxygen species (ROS) production was measured. In samples that generated ROS incubation under 95%O 2 :5%CO 2 for 30 min decreased the proportion of spermatozoa capable of the stimulated acrosome reaction by 40% in comparison to samples incubated under 95%N 2 :5%CO 2 (P < 0.001, repeated measures analysis of variance), but the degree of inhibition did not increase after more prolonged incubation periods (up to 6 h). The addition of the antioxidants catalase and superoxide dismutase prevented the inhibitory effect of 95%O 2 :5%CO 2 . Leukocyte removal from samples prior to 95%O 2 :5%CO 2 incubation preserved the ability of the spermatozoa to acrosome react. Sperm motility parameters were less affected by 95%O 2 :5%CO 2 but track velocity was 64.1 µm/s ⍨ 1.96 after 2 h incubation under 95%N 2 :5%CO 2 compared with 54.7 µm/s ⍨ 1.41 after 2 h incubation under 95%O 2 :5%CO 2 (P < 0.05, repeated measures analysis of variance). Sperm samples that did not generate detectable ROS were not affected by 95%O 2 :5%CO 2 . The toxic effects of incubation under 95%O 2 :5%CO 2 on human spermatozoa result from increased endogenous ROS production, mostly from leukocytes. High ROS levels inhibit sperm function, with the stimulated acrosome reaction being more susceptible than motility parameters.
Introduction
The toxicity of oxygen to human spermatozoa was first documented more than 50 years ago (MacLeod, 1943) . Spermatozoa lost motility more rapidly under 95% oxygen than under nitrogen but could be protected by catalase suggesting that sperm suspensions produce reactive oxygen species (ROS) (MacLeod, 1943) . This phenomenon was largely ignored until the early 1970s when the effect of lipid peroxidation, a known damaging effect of ROS, was investigated. Aerobic incubation periods led to an increase in lipid peroxidation and this was also tentatively linked to a decline in ram sperm motility and the occurrence of structural damage to the spermatozoon's plasma membrane (Jones and Mann, 1973) . The acrosomal region of peroxidized ram spermatozoa appeared to have increased membrane damage suggesting different regions of the spermatozoa had differing sensitivity to ROS damage (Jones and Mann, 1977) . The addition of peroxidized fatty acids to suspensions of human spermatozoa led to permanent immobilization showing their susceptibility to ROS induced damage. In addition, immotile and poorly motile spermatozoa from oligozoospermic semen samples had a higher rate of lipid peroxidation than motile spermatozoa from normal controls (Jones et al., 1978) . In the late 1980s further work on the relevance of ROS to sperm dysfunction and infertility was done. Sperm suspensions that performed poorly in the oocyte penetration test were characterized by a higher level of ROS production (Aitken et al., 1989a) . Also a number of studies showed that sperm samples from infertile men generated higher level of ROS than that of fertile controls (D'Agata et al., 1990; Iwasaki and Gagnon, 1992; Mazzilli et al., 1994) .
The presence of phagocytosing leukocytes in semen samples has been recognized for a number of years and they are the predominant source of ROS in unpurified sperm suspensions (Kessopolou et al., 1992; Aitken et al., 1995; K.Whittington and W.C.L.Ford, unpublished) . The effect of ROS on spermatozoa could explain the reduced semen parameters that are observed in semen samples with leukocytospermia (Wolff et al., 1990) . However, spermatozoa which have retained excess cytoplasm due to defective spermiogenesis can also produce pathological quantities of ROS (Gomez et al., 1996) . In addition apparently 'normal' spermatozoa can be stimulated to produce ROS by the addition of exogenous NADPH . The amount of ROS produced in this system is significantly less than that produced by leukocytes and is thought to be vital in the redox regulation of capacitation (see Aitken 1997) . As yet the relative importance of leukocytederived ROS compared with sperm-derived ROS in the aetiology of sperm dysfunction remains unclear.
In this study, we have reinvestigated the effects of incubating sperm samples under an atmosphere of 95% oxygen and have examined the effect of removing leukocytes from sperm suspensions. As previous work suggested that the sperm head might be more sensitive to ROS damage than the flagellum we have studied the effect of this incubation condition on both motility and the ability of spermatozoa to undergo the acrosome reaction.
Materials and methods

Determination of the rate of ROS production
Semen from all potential donors attending the department over a 3 month period was assessed for ROS generation with a view to recruitment for further experiments. Semen (0.5 ml) was added to an equal volume of modified Biggers-Whitten-Whittingham (BWW) medium (Aitken 1983 ) and centrifuged at 350 g for 10 min. The resulting pellet was resuspended in BWW media and centrifuged as above twice more. The final pellet was resuspended in BWW to give a sperm concentration of 20ϫ10 6 /ml. This sperm preparation was assessed for ROS generation via a luminol (Sigma Chemical Co, Poole, UK)-dependent chemiluminescence assay (Aitken et al., 1992) . Measurements were made at room temperature using a LKB Wallac 1250 luminometer. An aliquot of 1 µl of stock luminol (100 mM stock in dimethylsulphoxide; Sigma Chemical Co) plus 9 IU horseradish peroxidase (Type II; Sigma Chemical Co) was added to 200 µl sperm suspension. The signal was recorded for at least 10 min until a steady signal was obtained. ROS production was stimulated by the addition of either 50 µM N-formyl, met, leu, phe (N-FMLP) or 100 nM phorbol 12-myristate 13-acetate (PMA). N-FMLP acts via leukocytespecific surface receptors stimulating the NADPH oxidase in leukocytes only (Krausz et al., 1992) while PMA stimulates ROS production by stimulating protein kinase C that is present in both leukocytes and spermatozoa (Ford, 1990) . The resultant signals were recorded until peak levels of ROS generation were achieved. Results were recorded in mV/10 6 spermatozoa. Donors whose washed sperm suspensions generated detectable ROS levels (Ͼ0.02 mV/10 6 spermatozoa) were termed ROS producers and those that did not non-ROS producers.
Sperm preparation
Ejaculates collected from donors whose sperm suspensions either produced ROS or did not were allowed to liquefy for at least 30 min. Samples were prepared by centrifugation through 30% Percoll (Sigma Chemical Co) which will remove seminal plasma but not infiltrating leukocytes or abnormal spermatozoa. 100% Percoll was made by adding 9 ml Percoll to 1 ml of BWW stock A solution (55.4 g NaCl, 3.56 g KCl, 1.66 g KH 2 PO 4 , 47.7 g/l HEPES) and 100 µl each of stock B (29.4 g/l MgSO 4 ) and stock C (25 g/l CaCl 2 .2H 2 O). 3 ml of 100% Percoll was mixed with 7 ml BWW to give a 30% Percoll solution. Semen (1 ml) was layered over 2.5 ml 30% Percoll and centrifuged at 350 g for 20 min. The resultant pellet was resuspended and washed (350 g for 10 min) twice in BWW. After the final wash the pellet was resuspended in BWW at a sperm concentration of 20ϫ10 6 /ml.
Effect of 95% oxygen on the acrosome reaction
Four experiments were performed with semen from two donors with no detectable ROS production after stimulation with either 50 µM N-FMLP or 100 nM PMA and 18 experiments with semen from seven donors who did have detectable ROS generation. Sperm suspension (200 µl) was incubated under an atmosphere of 95%N 2 :5%CO 2 or 95%O 2 :5%CO 2 for 0, 15, or 30 min, or 1, 2 or 6 h at 37°C. A shaking water bath was used to ensure equilibration of gases. At the end of the incubation period, half of the sample from each time point was stimulated to acrosome react by 1 h incubation, under air at 37°C in the presence of 2.5 µM A23187 (Boehringer Mannheim, East Sussex, UK) plus 3.6 mM pentoxifylline (Sigma Chemical Co). The other half was incubated with an equivalent volume of BWW for 1 h, under air at 37°C to monitor the occurrence of the spontaneous acrosome reaction. Sperm viability and acrosomal status were assessed simultaneously by combining the hypo-osmotic swelling test (HOST) (Jeyendran et al., 1984) and staining with 1054 fluorescein-conjugated Pisum sativum agglutinin. Sperm suspensions (200 µl) were mixed with 1.8 ml hypo-osmotic swelling medium (25 mM trisodium citrate plus 75 mM fructose, 150 mosm/l) and incubated at 37°C for 20 min. The suspension was then centrifuged (400 g for 5 min) and the pellet resuspended in 95% ethanol (50 µl) and allowed to fix for 30 min at 4°C. Duplicate 25 µl samples of each suspension were air-dried overnight on separate wells of multiwell Hendley slides (C.A.Hendley (Essex) Ltd, Essex, UK). Acrosomes were stained by incubating each well of the slide with 100 µl of fluorescein-conjugated Pisum sativum agglutinin (Vector Laboratories, Bretton, Peterborough, UK) prepared by the dilution of 40 µl stock solution (5 mg/ml) in 10 ml phosphate-buffered saline (PBS; Sigma Chemical Co). These slides were left for 15 min and then washed free of the stain with PBS and air-dried in the dark. Once dry the slides were mounted in a glycerol-based solution (Citifluor, Canterbury, UK) and scored immediately. Intact acrosomes were identified as intensely stained areas over the anterior portion of the head (Cross et al., 1986) and acrosome-reacted spermatozoa remained unstained or only partially stained. Live spermatozoa adopted a characteristic swollen appearance with coiled tails whereas dead spermatozoa, which lacked an osmotically intact plasma membrane, retained a normal appearance. At least 100 sperm cells were counted for each duplicate and the scores from both wells were added together to give the final values. Results were expressed as the percentage of live spermatozoa that had been stimulated to acrosome-react by the addition of the stimulants.
In eight of the above experimental repetitions extra tubes containing either catalase (100 IU) (Sigma Chemical Co) or superoxide dismutase (SOD, 300 IU; Sigma Chemical Co) or both of these enzymes were added to the system.
Contribution of leukocytes to ROS generation
In six sperm suspensions from four ROS producing donors contaminating leukocytes were removed prior to incubation periods under 95%O 2 :5%CO 2 . An aliquot of a mouse monoclonal antibody against the common leukocyte antigen (Dako, High Wycombe, UK) was added to 1 ml of the prepared sperm suspension. The amount added was determined by prior microscopic estimation of the concentration of round cells that were present in the suspension, i.e. 2 µg of primary antibody was needed per mg 'Dynabead', which were added at a ratio of 20:1 (beads:round cells). This solution was incubated at 4°C for 45 min with frequent shaking to ensure maximal antibody binding. In addition a control sample was set up that was incubated in identical conditions but with BWW added rather than the antibody. Samples were then centrifuged at 200 g for 10 min to remove unbound antibody. The predetermined volume of magnetic Dynabeads coated with a rabbit anti-mouse antibody (Dynal (UK) Ltd, Wirral, UK) was washed free of its azide buffer and washed a further three times. This was then added to the sperm suspension and incubated again for 45 min at 4°C with frequent shaking. After this incubation period the Dynabeads were removed from the sample with the aid of a Dynal Magnetic Particle Concentrator resulting in the generation of a leukocyte free sperm suspension. This sample was centrifuged at 500 g for 10 min and resuspended in BWW at 20ϫ10 6 /ml. The 'complete' and the leukocyte-free suspension (200 µl) were incubated under nitrogen and oxygen as above for 1 h. After this incubation period the samples were acrosome-reacted as above.
Effect of incubation under oxygen on sperm motility
Sperm suspensions from three non-producing donors and from five ROS producing donors were prepared as above and resuspended at 20ϫ10 6 /ml in BWW. Sperm suspension (200 µl) was incubated under an atmosphere of either 95%N 2 :5%CO 2 or 95%O 2 : 5%CO 2 for 0, 2, 4, 6, 7 or 8 h. Incubations were carried out at 37°C in a shaking water bath. After each set time point~2 µl of the sperm suspension was loaded onto a 20 µm Microcell counting chamber (Microm UK Ltd, Thame, UK). Motility analysis was performed at 37°C using a Hamilton Thorn Motility Analyser (version 7) with set A parameters. At least 200 spermatozoa were counted for each repetition of the experiment.
Statistical analysis
Results were analysed with a computer driven statistical package (Minitab version 2.0, release 8.3 extended, or Excel version 5.0). Parametric tests, i.e. repeated measures of analysis of variance (ANOVA) and one-way analysis of variance, were used to determine the level of significance for acrosome reaction occurrence and motility parameters.
Results
ROS production
Mean basal ROS production (expressed as mV/10 6 spermatozoa, geometric mean, 95% confidence intervals) in seven donors whose sperm suspensions produced detectable amounts of ROS was 0.2 (0.10-0.34). ROS production was stimulated by the addition of 100 nM PMA or 50 µM N-FMLP to 1.1 (0.45-2.8) and 0.5 (0.27-1.0) respectively.
Effect of 95% oxygen on the acrosome reaction
At the start of the incubation period 26% of the spermatozoa had undergone the spontaneous acrosome reaction. A further 29% were stimulated to acrosome react by the addition of 2.5 µM A23187 and 3.6 mM pentoxifylline. Ͻ10% of the spermatozoa were dead. The proportion of spermatozoa which spontaneously acrosome-reacted and the proportion of dead spermatozoa did not change during the 6 h incubation period under oxygen or nitrogen. The number of spermatozoa that could be stimulated to acrosome-react by the addition of 2.5 µM A23187 plus 3.6 mM pentoxifylline remained the same during the 6 h incubation period under 95%N 2 :5%CO 2 . The proportion of spermatozoa which responded to the stimulants during incubation under 95%O 2 :5%CO 2 was significantly less than that observed under 95%N 2 :5%CO 2 (P Ͻ 0.001, repeated measures ANOVA). The proportion of spermatozoa that underwent the stimulated acrosome reaction under 95%O 2 :5%CO 2 declined by 40% over the first 30 min of the incubation period but did not decline thereafter (Figure 1 ). This effect was not seen in sperm suspensions from donors where no ROS production could be detected (Figure 2 ). The addition of catalase or SOD, or both enzymes, helped to prevent the decline in the acrosome response. When catalase or SOD were added to the incubation media, inhibition of the acrosome reaction still occurred within the first hour of the incubation period and did not decline thereafter.
Contribution of leukocytes to the toxic effect of incubation under 95% oxygen
Leukocyte-free sperm suspensions incubated under an atmosphere of 95%O 2 :5%CO 2 for 1 h, exhibited the same stimulated acrosome reaction rate as sperm suspensions containing leukocytes that had been incubated under an atmosphere of 95%N 2 :5%CO 2 (Figure 3) . 
Effect of incubation under 95% oxygen on motility
Incubation of sperm suspensions that did not generate detectable levels of ROS under 95%O 2 :5%CO 2 did not cause any significant differences in any motility parameter measured in comparison with samples incubated under 95%N 2 :5%CO 2 (repeated measures ANOVA). Irrespective of the incubation gas there were time-dependent reductions in percentage motile, percentage rapidly motile, mean path velocity, progressive velocity (P Ͻ 0.005) and track velocity (P Ͻ 0.05) (all repeated measures ANOVA).
Incubation of sperm suspensions from donors whose semen samples had previously been shown to generate ROS, under an atmosphere of 95%O 2 :5%CO 2 , caused a significant decrease in track velocity in comparison to samples incubated under 95%N 2 :5%CO 2 (P Ͻ 0.05, repeated measures ANOVA). After 2 h incubation track velocity was 54.7 µm/s Ϯ 1.11 compared with 64.1 µm/s Ϯ 1.96 in spermatozoa incubated under 95%O 2 :5%CO 2 versus 95%N 2 :5%CO 2 (Figure 4) .
In addition there were time-dependent decreases that were independent of the gas incubation, in percentage rapidly motile, mean path velocity, track velocity (P Ͻ 0.001), percentage motile, progressive velocity and beat cross frequency (P Ͻ 0.005) (all repeated measures ANOVA).
Discussion
These data demonstrate that the ability of spermatozoa to acrosome-react in response to stimulation is a more sensitive index of oxidative damage than motility measurements. The proportion of spermatozoa that could be stimulated to acrosome react declined by Ͼ40% after only 30 min under 95% O 2 (Figure 1 ) whereas motility parameters never fell Ͼ15% below the value observed in spermatozoa incubated under N 2 ( Figure  4) . In a similar way the ability of human spermatozoa to fuse with zona-free hamster eggs was impaired under conditions of oxidative stress without effect on motility (Aitken et al., 1989b) . The sensitivity of the acrosome reaction may be a consequence of the properties of the specialized membrane domain which covers the organelle (Curry and Watson, 1995) . A high concentration of unsaturated fatty acids gives the high fluidity required to allow fusion between the plasma and outer 1056 acrosomal membranes but increases the sensitivity of this region to lipid peroxidation by ROS.
We could only observe a detrimental effect of incubation under 95% oxygen in sperm suspensions from donors whose spermatozoa had previously been demonstrated to produce ROS. Therefore the toxicity of oxygen depends on its metabolic conversion to ROS rather than on any direct effect. In all the sperm suspensions studied, ROS production was stimulated to a greater extent by N-FMLP than by PMA demonstrating that a large proportion of the ROS were generated by contaminating leukocytes. When sperm suspensions were denuded of leukocytes with Dynabeads they were no longer subject to oxygen toxicity. Consequently the toxicity of oxygen to spermatozoa depends on the increased rate of ROS production by leukocytes in response to the increased oxygen concentration. In normozoospermic samples like those studied here, spermatozoa per se do not produce sufficient ROS to cause significant damage. This does not preclude a pathological role for sperm-derived ROS in oligozoospermic or other semen samples with a large proportion of defective spermatozoa with an increased cytoplasmic volume (Gomez et al., 1996) . Leukocytes are very frequently present in semen (Wolff and Anderson, 1988; Tomlinson et al., 1992a,b; Aitken et al., 1994) and ROS production by leukocytes in sperm suspensions has been associated with poor motility (Aitken et al., 1995) . The harmful effects of ROS production by leukocytes contaminating sperm suspensions has great practical significance for assisted reproduction. The rate of N-FMLP (i.e. leukocyte derived) ROS production in the sperm suspension was the most predictive parameter for poor fertilization during in-vitro fertilization (Sukcharoen et al., 1995) . Consideration should be given to removing leukocytes from or adding anti-oxidants to sperm suspensions used for assisted reproduction.
Leukocytes produce superoxide through a membrane NADPH oxidase but this will be metabolized to peroxide by SOD present in the spermatozoa and in the leukocytes. There is some confusion about whether superoxide or peroxide is the most damaging species for spermatozoa. Early studies focused on the role of hydrogen peroxide but currently lipid peroxidation is attributed to superoxide and to the hydroxyl radical (see Storey, 1997) . Kovalski et al. (1992) reported that catalase could protect human spermatozoa against loss of motility due to leukocyte-derived ROS but that SOD was ineffective whereas Kobayashi et al. (1991) reported that SOD was extremely effective in preventing lipid peroxidation in sperm suspensions. Chemical mechanisms exist for both superoxide and peroxide to peroxidize lipids themselves especially in the presence of transition metals or to produce other radicals that react with the lipid. It is probable that their relative importance depends on the incubation conditions. Here, SOD and catalase had a roughly equal but partial protective effect when added individually but a nearly complete protective effect if added together (Figure 2) suggesting that both superoxide and peroxide were involved in the toxic effect of 95% oxygen.
The time-course of the inhibition of the acrosome reaction by oxygen is interesting. Why should 40% of the sperm responsiveness to A23187 plus pentoxifylline succumb quite rapidly within 30 min whereas the remainder remained capable of acrosome reacting for up to 6 h? We suspect that this must reflect differences in the defensive capacities of different spermatozoa and a diminution in the rate of ROS production over time. Spermatozoa with greater antioxidant capacity are able to survive until the level of oxidative stress becomes less. The glutathione peroxidase/reductase pathway can respond to oxidative stress by increasing flux but is ultimately overwhelmed as stress increases (Ford et al., 1997) .
As discussed above, in our experiments motility was relatively resistant to oxidative stress and declined less than in reports from elsewhere (e.g. MacLeod, 1943; de Lamirande and Gagnon, 1992; Aitken et al., 1995) . This can be explained by differences in the severity of the imposed oxidative stress and, in the case of the early work, by the absence of any protein supplement in the medium. In any case, motility is not a sensitive index of ROS-mediated pathology in human spermatozoa.
